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Abstract 
Activation of the superoxide-generating NADPH-oxidase in phagocytic cells requires the assembly of a membrane-bound flavocy- 
tochrome b and cytosolic factors p47phox and p67phox under the control of the GTP-binding protein, Rat. A novel cytosolic component 
p4Ophox was recently identified. Most of the components of the complex contain SH3 domains and/or polyproline motifs which are 
likely to mediate protein-protein interactions occurring in the formation of the active NADPH-complex. The two-hybrid system was used 
to explore associations between the cytosolic factors. Various constructs of p47phox, p67phox and p40phox cDNAs coding for functional 
domains were inserted into two-hybrid system vectors, expressing fusion proteins either with the DNA binding protein Lex A or with the 
activation domain of Gal 4. The site of interaction of p67phox with p47phox was restricted to the C-terminal SH3 domain of p67phox and 
to the polyproline motif of p47phox. The polyproline motif of p47phox was also found to mediate interaction with the SH3 domain of 
p40phox, as well as intramolecular interaction within p47phox. The site of interaction of p67phox with p4Ophox was found to be in the 
150 amino acid stretch between the two SH3 domains of p67phox. As the C-terminal tail of p40phox which interacts with p67phox 
contains neither a SH3 domain nor a polyproline consensus site, it is concluded that a novel type of interaction occurs between p40phox 
and p67phox. Taken together, the results of the two-hybrid experiments led us to formulate a model for oxidase activation, induced by 
phosphorylation, in which p40 phox tends to prevent spontaneous activation. 
Keywords: NADPH oxidase; Neutrophil; Two-hybrid system 
1. Introduction 
The NADPH-oxidase of phagocytic cells is a multicom- 
ponent enzyme complex that generates superoxide anions, 
precursors of toxic oxygen metabolites leading to microor- 
ganism lysis during phagocytosis. The complex is acti- 
vated by a transmembrane signaling pathway which leads 
to the association of cytosolic proteins p47phox and 
p67phox with the integral membrane subunits of a flavocy- 
tochrome b gp9lphox and p22phox, in the presence of a 
monomeric GTP binding protein Rat (for review, see 
Abbreviations: SH3, Src homology domain 3; phox, phagocyte oxi- 
dase; PCR. polymerase chain reaction; CGD, chronic granulomatous 
disease. 
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[l-3]). Defects in the components of the NADPH-oxidase 
are responsible for chronic granulomatous disease (CGD), 
a syndrome characterized by recurrent infections and for- 
mation of granuloma (for review, see 13,411. Recently a 
novel cytosolic factor p40phox was identified by copurifi- 
cation [5], co-immunoprecipitation [6,7] as well as using 
the two-hybrid system [8], as a member of the cytosolic 
oxidase complex. Although p40phox is not required in a 
minimal oxidase reconstitution system comprising the flav- 
ocytochrome b, p47phox, p67phox and Rat [9,101, its 
expression was found to be decreased in a patient with 
CGD linked to a defect in p67phox [6,7] suggesting a 
NADPH-oxidase-specific role in vivo. A peculiarity of 
p47phox, p67phox and p40phox is that they contain a 
number of protein motifs homologous to a non-catalytic 
domain of p60-src (the SH3 domain) and polyproline rich 
sequences. In addition, the cytoplasmic tail of p22phox 
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contains two contiguous consensus polyproline motifs [ 1 I]. 
The finding that SH3 domains interact with polyproline-rich 
consensus sequences [I 21 made it likely that the compo- 
nents of the oxidase complex were associated by SH3- 
polyproline interactions. Various associations between the 
polyproline motifs and SH3 domains of p67phox, p47phox 
and p22phox have been described [ 13- 161 based on exper- 
iments carried out in the absence of p40phox. However, 
using the two-hybrid system, we recently reported that 
p40phox probably plays a critical role in the formation of 
the oxidase complex as it binds both p67phox and p47phox 
[8]. In the present paper, we specify the domains of 
interaction between the three cytosolic factors, p67phox 
p47phox and p4Ophox and propose a model of association 
of these factors during the in vivo activation of the NADPH 
oxidase. 
2. Materials and methods 
2. I. Two-hybrid system 
The Two-hybrid system [I 71 was obtained through 
Clontech. The L40 yeast reporter strain used [18] has the 
genotype: MATa, trpl, leu2, his3, LYS2::lexA-HIS3, 
URA3::lexA-LacZ. Yeast were grown in synthetic mini- 
mal medium consisting of glucose 2% (w/v), nitrogen 
base without amino acids 0.67% (w/v) (Difco) with the 
appropriate supplements, namely amino acids, uracil and 
adenine of cell culture grade (Sigma). Two types of hybrid 
cDNAs were produced. The first, termed the Lex con- 
struct, resulted from the construction of the cDNA of 
interest in frame with the cDNA of the Lex A-DNA bind- 
ing protein in the pLex9, pLexl0 and pLexl1 vectors, 
presenting the three reading frames for the BamHI cloning 
site and carrying the prototrophy marker trpl (gift from 
Dr. J. Camonis). The second type of construct was a fusion 
between the cDNA of interest and the activation domain of 
Gal4 in the pGAD vectors carrying a leu2 prototrophy 
marker [ 191. Interaction of the hybrid proteins of interest in 
the yeast nucleus resulted in transactivation of two reporter 
genes His 3 and LacZ, placed under control of a LexA 
responsive element, and could be monitored by prototro- 
phy for histidine (His’) and a Lac Z+ phenotype. 
Table 1 
Description of the various constructs of p67phox 
2.2. Yeast transformation 
Yeast transformation was carried out using the lithium 
acetate/polyethylene glycol (PEG) method 1181. Briefly, 
yeast, in exponential growth, were incubated 1 h in lithium 
acetate 0.1 M/Tris-HCl, pH 8, 10 mM/EDTA 1 mM and 
transformation was carried out by a 30 min incubation of 
the yeast at 30°C with 1 pg of each vector DNA and 40 
pug carrier DNA (Clontech) in PEG 40%, followed by a 
25-min incubation at 42°C. 
2.3. Selection and detection qf yeast containing interacting 
hybrid proteins 
After transformation with the two vectors expressing 
the hybrid proteins, yeast carrying the two plasmids were 
grown on two types of selective media, namely a medium 
containing no tryptophan and no leucine as a control for 
effective cotransformation and on a selective medium con- 
taining no tryptophan, no leucine and no histidine to select 
yeast containing clones coding for interacting proteins by 
prototrophy for histidine. Interaction was confirmed on 
positive patches by a filter X-Gal test [20]. In brief, yeast 
were grown on filter paper and lysed in liquid nitrogen. 
The filter was incubated in a solution of phosphate buffer 
containing 5-Bromo-4-chloro-3-indolyl-PBgalactopyrano- 
side (X-Gal) (0.02%) and 30 mM P-mercaptoethanol for 
several hours. Yeast patches that contained plasmids cod- 
ing for interacting hybrid proteins developed a blue col- 
oration within I- 16 h. 
2.4. Constructions 
Full-length clones of p47phox and p67phox were iso- 
lated as described [21]. The full-length clone of p40phox 
was isolated in the pGAD vector (GAD40phox) and smaller 
fragments of the p40phox cDNA in the pGAD vector were 
obtained by limited digestion with Sau 3A as described [8]. 
The full-length clone of p47phox was inserted in both a 
pLex vector (Lex47phox) and a pGAD vector 
(GAD47phox). All constructs of p67phox were inserted 
into pLex vectors (Lex67 constructs) and were therefore 
tested against GAD47phox constructs and GAD40phox 
constructs. Functional domains of p40phox and p47phox 
Domains of p67phox fused to LexA Cloning method of the cDNA Amino acid residues . 
A N-terminal region ending after the first SH3 domain Digestion (EcoRI-BarnHI) 
B N-terminal region ending before the first SH3 domain Digestion (EcoRI-BglII) 
C N-terminal SH3 domain to the C-terminus Digestion (Bg[II-PstI) 
D N-terminal SH3 domain Digestion ( BglII-BarnHI) 
E C-terminal region starting after the N-terminal SH3 domain Digestion ( BamHI-&I) 
F C-terminal SH3 domain PCR 
G Inter SH3 domain PCR 
Numbers of the residues of p67phox translated from the cloned region are given in the last column. 
1 to300 
1 to 235 
236 to 526 
236 to 30 1 
301 to 526 
453 to 526 
301 to 460 
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were cloned either in a pLex vector or in a pGAD vector. 
Subcloning of smaller fragments of the cDNAs were per- 
formed using the following internal restriction sites: XhoI 
at positions 640 and 1060, BamHI at position 623, PstI at 
positions 1010 and 1147 for the cDNA of p47phox; BgZII 
at position 77 1 and Barn HI at position 966 for the p67phox 
cDNA; BamHI at position 278, Sau3A at position 519 and 
. 
Lex 67 CONSTRUCTS 
\ . 
._._._._._._._._._._.~.~.~.~.~.~.~.~.~._._._._._._._._._._._._,_._. 
BglII at position 907 for the p40phox cDNA. The con- 
structions of p67phox are summarized in Table 1. Smaller 
fragments of the cDNA of p67phox were generated by 
PCR, integrating restriction sites into the primers. Con- 
structions were controlled by restriction analysis and se- 
quencing using the U.S. Biochemical Corp. sequencing kit 
with Sequenase version 2.0. 
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Fig. 1. Sites of interaction of p67phox with p47phox and p4Ophox. All Lex p67phox constructs were tested with GAD p47phox constructs and with GAD 
p4Ophox constructs. A positive phenotype is indicated by the sign + A L,ac Z-/His -phenotype is indicated by the sign -. Domains in Lex that 
unspecifically transactivate the reporter genes are indicated by UST. Phosphorylation sites on p47phox are indicated by asterisks. 
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2.5. Controls 
All constructions as fusion proteins with LexA were 
tested for unspecific transactivation of reporter genes (i.e. 
false positives) by cotransfection of the yeast strain L40 
with a number of Gal4 activation domain constructs cod- 
ing for unrelated fusion proteins. The constructs that un- 
specifically transactivated reporter genes are indicated by 
UST in the figures. A positive phenotype was concluded 
only if the two reporter genes (Luc Z and His 31, that are 
under the control of two different promoters, were acti- 
vated. Most constructs were cross-tested either as fusion to 
LXX A or to Gal 4 activation domain. For almost all con- 
structs, we have found at least one partner which provides 
internal positive controls indicating that protein domains 
are correctly folded and can enter the nucleus. This vali- 
dates the negative results. 
3. Results 
3.1. Functional domains in p67 phox 
The full-length clone of p67phox expressed as a Lex 
construct (Lex 67phox) showed interaction with both full 
length GAD constructs of p4Ophox (GAD 40phox) and 
p47phox (GAD 47phox). To detect functional domains, the 
full length cDNA encoding p67phox was resolved into 
smaller fragments using restriction enzymes. Other frag- 
ments were generated by PCR (Table 1). Using these 
constructions, no interaction was found between the N- 
terminal region of p67phox containing a polyproline motif 
(Fig. 1, constructs A and B) and p47phox (GAD 47phox) 
or p40phox (GAD 40phox). In contrast, p67phox deleted 
of this N-terminal extremity (construct C) still showed 
interaction with p47phox and p40phox. Finally, through 
progressive resolution to smaller fragments, we found that 
the region located between the two SH3 domains (in- 
terSH3 region) of p67phox (construct G), was still able to 
interact with the full length p40phox (GAD 40phox) as 
well as with the C-terminal tail of p4Ophox (GAD 40-Cter) 
which we had previously shown to be responsible for 
interaction with p67phox [8]. This result led us to conclude 
that the interaction between the inter SH3 region of 
p67phox and the C-terminal region of p4Ophox does not 
belong to the SH3/polyproline type. These regions did not 
show any homology to reported polypeptide consensus 
sequences involved in protein-protein interactions. 
The C-terminal construct (construct C) was found to 
code a region mediating interaction with p47phox. Dele- 
tion of the N-terminal SH3 domain of p67phox from the 
C-terminal construct (construct E) did not alter interaction 
with p47phox. Further deletion of the C-terminal SH3 
domain of p67phox (construct G) completely abolished the 
interaction with p47phox. A direct test using the C-termi- 
nal SH3 domain construct (construct F) could not be 
interpreted as this construct alone transactivated the ex- 
pression of the reporter genes and gave a His’/LacZ+ 
phenotype in the absence of a GAD 47phox construct. By 
comparing the results obtained with the constructs (E and 
G) of p67phox that contain or not the C-terminal SH3 
domain, we conclude that interaction of p47phox with 
p67phox is mediated through the C-terminal SH3 domain 
of p67phox. The positive results obtained with construct E 
and the p47phox constructs GAD 47-Cter and GAD 47- 
ASH3-Cter confirmed these domains of interaction and 
localized interaction with p67phox to the C-terminal 
polyproline region of p47phox. 
3.2. Sites of interaction between p47phox and p40pho.x 
A series of p40phox constructs in pGAD vectors had 
been obtained in a previous work 181. These constructs 
were tested against Lex A-p47phox constructs (Fig. 2A). 
The region encompassing the SH3 domain of p40phox 
(GAD 40-SH3) and not the C-terminal region of p40phox 
(GAD 40-Cter) interacted with the full-length p47phox 
(Lex 47phox) and the isolated polyproline motif of p47phox 
(Lex 47-Polyp). It is therefore highly probable that the 
polyproline motif of p47phox is responsible for interaction 
with the SH3 domain of p40phox. 
A complementary test was made using Lex Ap40phox 
constructs (Fig. 2B). As expected, the N-terminal construct 
(Lex 40-Nter) and the C-terminal construct (Lex 40-Cter) 
did not interact with p47phox (GAD 47phox) nor with the 
p47phox constructs deleted in either SH3 domains (GAD 
47-Cter and GAD 47-ASH3-Cter). In contrast, the central 
portion of p40phox that contained the SH3 domain and 
was deleted in N-terminal and C-terminal regions (Lex 
40-central) did interact with GAD 47phox, GAD-47-Cter 
and GAD 47-ASH3-Cter. Direct testing of the SH3 domain 
of p40phox as a Lex product was not possible as it 
transactivated the reporter genes, as had been seen with the 
C-terminal SH3 domain of p67phox. 
Taken together, these results give strong evidence that 
the interaction between p40phox and p47phox is mediated 
through the SH3 domain of p40phox and the polyproline 
motif of p47phox. 
Fig. 2. Site of interaction of p47phox with p4Ophox. A. Lex p47phox constructs were tested with GAD p4Ophox constructs. Phosphorylation sites on 
p47phox are indicated by asterisks. B. Lex p4Ophox constructs were tested with GAD p47phox constructs. The SH3 domain of p4Ophox when expressed as 
a fusion protein with Lex A is able to transactivate alone reporter genes (i.e., induces a LucZ+/His+ phenotype when cotransformed with pGAD vector 
alone), as indicated by UST in the figure. A larger construct termed Lex 40 central. that does not transactivate, was therefore used. 
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Fig. 3. Sites of intramolecular interactions in p47phox. Constructs of p47phox in pLex and constructs of p47phox in pGAD were used to transform the 
Saccharomyes cereuisiue L40 strain. The phenotype of the resulting yeast is indicated. Phosphorylation sites on p47phox are indicated by asterisks. 
3.3. Search for intramolecular interactions in p47phox 
A closed conformation for p47phox has been suggested 
[13] on the experimental basis that a monoclonal antibody 
against the SH3 domains of p47phox recognized the pro- 
tein only in the presence of arachidonic acid. The possibil- 
ity that an intramolecular interaction between the polypro- 
line motif and one of the two SH3 domains of p47phox 
was disrupted in the presence of arachidonic acid was 
therefore suggested [13,14]. A two-hybrid experiment car- 
ried out with various regions of p47phox (Fig. 3) indicated 
that the Lex 47-Polyp product interacted with the GAD 
47-ASH3-Cter product in which the C-terminal SH3 do- 
main and most of the phosphorylation sites were deleted. 
No interaction was detected between the Lex 47-Polyp 
construct and the GAD 47-Cter construct which comprises 
the C-terminal SH3 domain and the entire C-terminus of 
p47phox. These results supported the hypothesis that the 
polyproline motif of p47phox interacts with the N-terminal 
SH3 domain of p47phox and not with the C-terminal SH3 
domain. In contrast, interaction between the full length 
Lex 47phox and GAD 47phox products was negative, 
which suggests that, in the intact protein, the polyproline 
motif and the N-terminal SH3 domain are involved in 
intramolecular interaction and therefore not available for 
intermolecular interactions. In the GAD 47-ASH3-Cter 
construct, the deletion probably makes the C-terminal 
polyproline motif unable to fold back onto the first SH3 
domain, thus hindering intramolecular interaction. One 
may therefore conclude that the closed conformation of 
p47phox [ 13,141 results from the intramolecular interaction 
between the N-terminal SH3 domain and the C-terminal 
polyproline motif of p47phox. 
A putative polyproline motif close to the N-terminal of 
p47phox was postulated [14] to interact with the C-termi- 
nal SH3 domain of p47phox, thus mediating an additional 
intramolecular association in p47phox. We have not been 
able to confirm this hypothesis by the two-hybrid system. 
In addition, we have found that the N-terminal region of 
p47phox was sensitive to proteolytic attack (data not 
shown), which led us to conclude that this region was in an 
extended conformation freely accessible to large molecules. 
4. Discussion 
Three proteins p47phox, p67phox and p40phox partici- 
pate in the formation of a trimeric cytosolic complex 
which is involved in the activation of the redox core of the 
O;-generating NADPH oxidase of neutrophils. In a previ- 
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ous paper [8], we showed through the use of the yeast 
two-hybrid system that p40phox could interact not only 
with p67phox as hypothesized by Wientjes et al. [61, but 
also with p47phox. The present paper is a follow up study 
of our initial work and is aimed at pinpointing the sites of 
interaction between the three cytosolic factors of activa- 
tion. 
4.1. Validation of the two-hybrid system dericed results 
Using the two-hybrid system, it has been possible to 
corroborate some reported results concerning interactions 
within the oxidase complex, studied by other methods. For 
example, the interaction of p47phox with p67phox de- 
duced from immunoprecipitation experiments [22] and 
affinity purification [21] was confirmed as well as was the 
interaction between p4Ophox and p67phox suggested by 
Wientjes et al. [6] and Tsunawaki et al. [7]. The two-hybrid 
system served to locate the site of interaction between 
p47phox and p67phox to the C-terminal polyproline region 
of p47phox and to the C-terminal SH3 domain of p67phox. 
This data is in agreement with results of experiments based 
on various techniques such as affinity to glutathione-s- 
transferase fusion proteins, competition with peptides or 
affinity to blotted proteins [ 14- 161. The concordance of 
the conclusions derived from experiments based on the use 
of the two-hybrid system and different other approaches 
testifies the validity of the two-hybrid system in studying 
the sites of interaction between the cytosolic components 
of the NADPH-oxidase complex, and supports the validity 
of the novel findings reported here. 
4.2. Ident$cation qf specific regions within the cytosolic 
,factors 
In the present report, we show that the polyproline 
motif of p47phox is able to mediate several interactions. 
Its partners are the C-terminal SH3 domain of p67phox, 
the SH3 domain of p40phox and the N-terminal SH3 
domain of p47phox itself. It was recently shown that the 
polyproline motifs which are only 10 amino acids long 
serve as targets for SH3 domain binding [ 121. The common 
PXXP amino acid sequence which is present in all 
polyproline motifs accounts for basic interactions with 
SH3 domains. However, a finer level of specificity in these 
interactions is conferred by residues around the PXXP 
canonical sequence that interact with binding pockets on 
the surface of SH3 domains 1231. Another level of speci- 
ficity is given by loops in the SH3 domain itself that can 
accept polyproline sequences in either C-terminal to N- 
terminal or N-terminal to C-terminal orientation (reviewed 
in [24]). Amongst the partners of the polyproline region of 
p47phox, the C-terminal SH3 region of p67phox and the 
SH3 domain of p4Ophox share a high homology [6]. 
Although there might be a class of SH3 domains that 
interact with the polyproline motif of p47phox, the physio- 
logical meaning of this interaction makes no doubt in the 
case of p4Ophox and p67phox as we found no other 
domain in p47phox responsible for interaction between 
these proteins. As a control, the polyproline motif of 
p47phox showed no interaction with either the N-terminal 
SH3 domain of p67phox or the C-terminal SH3 domain of 
p47phox, pointing to specificity of this polyproline motif 
for some, but not all, of the cytosolic factor’s SH3 do- 
mains. Most likely these various interactions of the 
polyproline region of p47phox are expected to mediate the 
formation of several types of complexes, as developed in 
the following Section. 
Experiments conducted with the two-hybrid system have 
also revealed a novel type of protein-protein interaction 
between the C-terminal region of p40phox and the inter- 
SH3 region of p67phox. These regions are not homologous 
to any previously identified motifs [reviewed in [24]]. The 
theoretical isoelectric point of both domains as calculated 
by DNAstar software is 9.85 for the C-terminal region of 
p40phox and 6.65 for the inter-SH3 domain of p67phox, 
suggesting that electrostatic interactions contribute to link 
p40phox with p67phox. 
4.3. A model for changes in interactions among the cytoso- 
lit components qf the NADPH-oxidase complex 
The following model (Fig. 4) integrates all of our 
combined results from the two-hybrid system as well as 
independent data from various groups. This model is based 
on four assumptions. First, phosphorylation of a number of 
serine residues in the neighborhood of the polyproline 
motif of p47phox is a decisive event in modulating the 
affinity of this polyproline motif to SH3 domains. Second, 
p47phox assumes a hairpin conformation due to an intra- 
molecular interaction between its polyproline motif and 
one of its SH3 domains. This intramolecular interaction 
was suggested [ 13,141 and is also shown here by the 
two-hybrid system. Third, an association of p67phox and 
p40phox has been postulated on the basis of the reduced 
level of p40phox in CGD cases due to a defect in p67phox 
[6,7] and has been confirmed here by the two-hybrid 
system. This association may provide a stabilizing effect 
on p67phox and would explain the lability of isolated 
recombinant p67phox [21,25]. Fourth, cytosolic complexes 
isolated by immunoprecipitation from resting neutrophils 
have been shown to contain p47phox, p67phox and 
p40phox [6,7]. 
In the cytosol of non activated neutrophils, two types of 
ternary complexes containing p67phox, p47phox and 
p40phox may coexist in equilibrium with isolated p47phox 
in the hairpin conformation and the p40phox/p67phox 
complex (state B). The first ternary complex would be an 
association of p47phox, p40phox and p67phox, in which 
p40phox would be a link between the other two factors, 
preventing their direct association; this would serve as a 
form of storage of the cytosolic factors in an inactive 
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conformation (state A). State A would be induced by a 
basal level of phosphorylation of p47phox in the cytosol of 
resting neutrophils. The other ternary complex would con- 
sist of p67phox inserted between p47phox and p40phox 
(state Cl. It would be induced by phosphotylation of other 
specific serine residues in p47phox, yielding a preactivated 
state which may be related to the phenomenon of ‘prim- 
ing’. Both ternary complexes could associate to the flavo- 
cytochrome b but only the C state in which p67phox is 
linked to p47phox would be able to trigger activation. 
Interaction of the p47phox-p67phox-p40phox hetero- 
trimers with the flavocytochrome b is assumed to take 
place via the polyproline motifs of the small subunit 
p22phox and the SH3 domains of p47phox [13,14]. This is 
consistent with the report that a p22phox CGD mutant 
with a mutation in the polyproline region leads to the 
absence of translocation of the cytosolic factors to the 
membrane [26]. Other groups have pinpointed peptides in 
the multi-phosphorylated Cterminus of p47phox which are 
critical for translocation of p47phox to the flavocy- 
tochrome b and activation of the NADPH oxidase [27,28]. 
Assembly of the fully activated NADPH oxidase is clearly 
a very imbricated process. In this activated complex, the 
p47phox-p67phox dimer plays a predominant role and the 
p40phox component is probably silent. The putative role of 
the small G protein Rat which has been shown to associate 
with p67phox [29] could be to discriminate between the 
two ternary conformations of p40phox, p47phox and 
p67phox. Rat could then trigger activation only in the case 
of the complex in which p67phox is directly linked to 
p47phox, and in such a conformation could also activate a 
specific kinase [30-321. 
In the cell-free system of oxidase activation, in which 
p40phox is not needed, direct association between p47phox 
and p67phox probably occurs as an effect of anionic 
amphiphilic reagents and the p47phox-p67phox dimer di- 
rectly interacts with the flavocytochrome b. In the cell-free 
system, specific interactions seem to be bypassed by the 
RESTING 
STATE 
ACTIVATION 
PRE ACTIVATION 
Fig. 4. Model for a multistep activation of the oxidase complex. In state B, p47phox is maintained in a closed conformation by interaction of its C-terminal 
polyproline motif with its N-terminal SH3 domain and p67phox is linked to p40phox through the inter SH3 region of p67phox and the C-terminus of 
p4Ophox, which stabilizes p67phox. This conformation is in equilibrium with two types of ternary complexes that occur when phosphorylation opens the 
hairpin conformation of p47phox. In the ternary complex corresponding to state A, which may be a storage form of the factors in resting neutrophils, 
p40phox is a link between p47 and ~67, preventing their direct association. In the ternary complex corresponding to state C, p67phox and p47phox are in 
direct interaction and p67phox is a link between p47phox and p4Ophox. The ternary complex corresponding to state C recognizes and activates the 
flavocytochrome b (state D). The G protein Rat might be involved in this last step. P4Ophox can either be released or remain loosely attached to p67phox. 
The transitions between the different states are mediated through selective phosphorylation (indicated by stars) that modulates the affinity of the 
polyproline motif of p47phox. 
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effect of amphiphilic reagents: activation becomes possible 
with truncated forms of p67phox that lack both SH3 
domains [33] and a form of p47phox lacking the polypro- 
line region [ 161. Further, the negative charges brought by 
arachidonic acid or other amphiphilic reagents may mimic 
the effect of phosphorylation. 
Although the two hybrid system is a powerful tool to 
unveil potential associations between well defined regions 
of two proteins, the results remain qualitative. As yet, no 
systematic comparison between in vivo affinity and two- 
hybrid-derived interaction has been undertaken. The three 
cytosolic proteins p67phox, p47phox and p40phox have 
shown to form a complex in vivo [6,7] and in this study, 
we have identified a number of specific partner sequences 
of structural regions in the cytosolic factors. A few do- 
mains still lack partners, such as the N-terminal SH3 
domain of p67phox as well as the polyproline motif of 
p67phox. The role played by the phosphorylation of 
p47phox in the activation process is not fully elucidated. 
The C-terminal region of p47phox contains several serine 
residues, surrounded by proline or basic residues, which 
are canonical targets for proline-directed kinase, protein 
kinase C and protein kinase A; in addition, there is evi- 
dence for a multistep phosphorylation of p47phox during 
the course of oxidase activation [34,35]. The multiple 
interactions between the cytosolic activation factors were 
revealed in the two-hybrid experiments probably thanks to 
the heterogeneity of phosphorylation of p47phox by yeast 
kinases [36]. In future experiments, we plan to modulate 
this state of phosphorylation by transforming yeasts with 
appropriate plasmids expressing high levels of specific 
human kinase or phosphatase activities. Hopefully with 
this type of approach, we should be able to specify more 
precisely the different types of interactions that occur 
between the cytosolic factors at the successive steps of the 
oxidase activation process. 
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